One contribution of 13 to a theme issue 'The dynamics of antibody repertoires'. During the several-week course of an immune response, B cells undergo a process of clonal expansion, somatic hypermutation of the immunoglobulin (Ig) genes and affinity-dependent selection. Over a lifetime, each B cell may participate in multiple rounds of affinity maturation as part of different immune responses. These two time-scales for selection are apparent in the structure of B-cell lineage trees, which often contain a 'trunk' consisting of mutations that are shared across all members of a clone, and several branches that form a 'canopy' consisting of mutations that are shared by a subset of clone members. The influence of affinity maturation on the B-cell population can be inferred by analysing the pattern of somatic mutations in the Ig. While global analysis of mutation patterns has shown evidence of strong selection pressures shaping the B-cell population, the effect of different time-scales of selection and diversification has not yet been studied. Analysis of B cells from blood samples of three healthy individuals identifies a range of clone sizes with lineage trees that can contain long trunks and canopies indicating the significant diversity introduced by the affinity maturation process. We here show that observed mutation patterns in the framework regions (FWRs) are determined by an almost purely purifying selection on both short and long time-scales. By contrast, complementarity determining regions (CDRs) are affected by a combination of purifying and antigen-driven positive selection on the short term, which leads to a net positive selection in the long term. In both the FWRs and CDRs, long-term selection is strongly dependent on the heavy chain variable gene family.
Introduction
B lymphocytes recognize pathogens through the binding of specific B-cell receptors (BCRs), also referred to as immunoglobulin (Ig), expressed on their cell surface. Receptor diversity in the B-cell population is generated in two stages. First, an initial BCR is created through recombination of different germline gene segments during B-cell maturation in the bone marrow [1] . Second, somatic hypermutation (SHM) introduces point mutations into the DNA coding for the BCR during T-celldependent adaptive immune responses. The SHM rate has been estimated to be approximately 10 23 per base-pair per cell division [2] [3] [4] . This is 10 6 -fold higher than the background mutation rate in other somatic cells. These mutations may alter the affinity or specificity of the BCR, and thus are a source of diversity within an expanding B-cell clone. B cells with affinity-increasing mutations are preferentially expanded in germinal centres, in a process known as affinity maturation, which results in an increase in average affinity in the population over time. Some of these B cells will differentiate into long-lived memory and plasma cells, which are critical to protect us from recurrent infections with the same (or a closely related) microorganism. Within the germinal centres, B cells also undergo isotype switching (e.g. from IgM to IgG) which allows for different effector functions.
Unlike naive B cells that start with a BCR in the unmutated germline state, B memory cells that are reactivated through exposure to recurrent and related infections usually begin with a mutated, affinity-matured receptor, which is then further diversified as part of the adaptive immune response. These two time-scales for selection are apparent in the structure of B-cell lineage trees, which often contain a 'trunk' consisting of mutations that are shared across all sampled members of a clone, and several branches that form a 'canopy' consisting of mutations that are shared by a subset of clone members (figure 1b). The trunk and canopy are separated by the most recent common ancestor (MRCA), which estimates the state of the B cell that initiated the most recent expansion. The MRCA also contains some of the mutations that were fixed during affinity maturation in the most recent germinal centre reaction [5] . Previous studies of selection in the B-cell repertoire have not differentiated between these two scales, and it is unclear if the selection processes are uniform over time. Our previous work suggests that selection may operate differently in the long-and short-term scales as removing the most recent mutations altered the signal for selection [6] .
B-cell affinity maturation is a micro-evolutionary stochastic process. The dynamics of B-cell clonal expansion and selection for binding pathogens represents an example of a process involving rapid asexual reproduction, where constant diversification and adaptation occurs in parallel with a high mutation rate [7 -9] . The BCR appears to be tuned by evolution to optimize the impact of SHM. Mutation hotspots are more common in the complementarity-determining regions (CDRs), which include most antigen contact residues, and less common in framework regions (FWRs), which are important for the overall receptor structure. Mutations are also more likely to be non-synonymous (NS) than synonymous (S) in the CDRs compared with the FWRs [10] (figure 1a). Mutation in the FWRs may destabilize the antibody (and thus be subject to negative selection), whereas mutations in the CDRs may improve the antibody (and thus be positively selected). Multiple computational methods have been proposed to measure selection in populations or between populations, in the sense of evolving towards a higher fitness phenotype. A common measure compares the observed frequency of NS mutations (NS/(NS þ S)) to its expected value. The expected ratio is calculated based on an underlying mutation probability model (e.g. [11] [12] [13] ), or based on genetic regions where no selection is assumed to occur [14] [15] [16] . An increased frequency of NS mutations is treated as an indication of positive selection, while a decreased frequency indicates negative selection. A potential drawback of such methods is their strong sensitivity to the baseline mutation model (i.e. the expected probability of each mutation type), especially when the mutations rate is position dependent [17] . SHM is significantly affected by the local nucleotide composition, resulting in sequence-specific hot-and cold-spots for mutation [11, 12] . We have recently developed a background mutation model for SHM targeting and nucleotide substitution that can be used to estimate the expected NS and S mutation frequencies, and thus quantify selection more accurately than previously possible [11] . Recent advances in high-throughput sequencing technologies allow for large-scale characterization of B-cell repertoires, and construction of lineage trees from observed B-cell clones. We analysed the observed blood cDNA BCR repertoire from three human donors, and show clear differences in the distribution of mutations in different genetic regions, and between fixed (trunk) and non-fixed (canopy) mutations. The results presented here strengthen the common thinking about negative selection in the FWRs, but propose a more complex view of the positive selection argued to occur in CDRs.
Results
(a) B-cell lineages in the blood contain both trunks and canopies B-cell repertoire sequencing data were obtained from blood samples of three healthy human donors [18] . As described in §4(a), these sequencing data were processed using the pRESTO pipeline [19] to generate high-quality Ig sequences, which were then submitted to IMGT/HighV-QUEST for germline V(D)J segment identification. The Change-O pipeline [20] was then used to partition the sequences into clonally related groups, and a lineage tree was constructed for each clone (see the electronic supplementary material for representative examples of these trees). Observed clone sizes ranged from 1 to 128 unique sequences and followed a scale-free distribution (figure 2a). Each reconstructed clonal lineage was split into a trunk and canopy. The trunk was defined as the branch leading from the germline Ig sequence inferred by IMGT/HighV-QUEST to the MRCA, while the canopy contained all other branches. The mutation analysis focused on the variable (V) gene segment. Differences in the nucleotide sequence comparing the inferred germline to the MRCA were defined as trunk mutations, while all V gene segment mutations from the MRCA to the observed sequences were defined as canopy mutations. Singletons (i.e. clones containing a single unique sequence) were not included in the analysis, while clones where the inferred germline Ig sequence was the MRCA were included. On average, 72% of the clones (35% of sequences) in each donor were singletons, and over 25% contained both trunks and canopies. In a significant portion of trees, the MRCA was sampled (42.7%) and not inferred. Somatic mutations were not distributed evenly between the trunk and canopy. The median number of trunk mutations was five per sequence, while two mutations per sequence were observed in the canopy for IgG sequences (figure 2b). Note that only mutations occurring in the heavy chain V gene (VH), excluding the CDR3, can be taken into account, as the germline sequence in the junctional regions is estimated with significantly lower confidence. The skewing of mutations towards the trunk was observed for both FWR and CDR mutations, with a higher variance among clones in the CDRs (figure 2b).
(b) Selection estimation measures
Selection can be estimated by comparing the observed and expected number of NS mutations. If the observed number of NS mutations is higher than expected, this is interpreted as an advantage induced by NS mutations (i.e. positive selection). Similarly, a lower than expected number of NS mutations is interpreted as a disadvantage of NS mutations (i.e. negative selection). To quantify selection, we use the previously proposed BASELINe method [21] , along with Multi-locus Bayesian Selection Measure (MBSM), a novel method proposed herein (see the electronic supplementary material for full derivation). MBSM provides a clear Bayesian interpretation of the observed NS and S value in each region. In order to estimate the selection pressure affecting a single sequence using the number of NS and S mutations, the distribution of expected NS and S is required, and not only their average. While it may be correct to assume a symmetrical normal distribution around an expected number when a large number of sequences is observed, this may not be correct when a single sequence is analysed. To estimate the full distribution of expected NS values in a given region of a sequence, MBSM uses a Bayesian approach, which provides a direct interpretation of the number of S mutations as the probability distribution of generations since the onset of mutations. (c) The framework regions are subject to purifying selection on both short and long time-scales
The BCR FWRs are important to maintain the structural integrity of the receptor, and it has been estimated that approximately 50% of NS mutations in these regions are subject to negative selection [22] . Indeed, all three individuals studied here exhibited strong negative selection pressure on FWR mutations. This negative selection was observed in both trunk and canopy mutations, and for all isotypes (IgA, IgG and IgM) (figure 3). Significantly, when each clone was analysed separately, practically none displayed evidence of significant positive selection in the FWRs. These results were confirmed using two different computational methods for analysing selection mentioned above (BASELINe and MBSM; see §4(c) for details). While there were quantitative differences in the selection strengths estimated by the different methods, both agreed about the direction and consistency of negative selection in the FWRs. This observation was also not dependent on specific V genes, and similar results were found when analysing each V gene separately (data not shown). Overall, these results suggest that negative selection in the FWRs is sweeping, and not the result of a net negative balance between advantageous and deleterious mutations with selection force of the same order ( figure 3 ).
(d) The complementarity determining regions are subject to purifying selection on short time-scales
Most of the residues that contact antigen are found in the CDRs, and it has been assumed that positive selection for affinity-increasing mutations would be focused in these regions [23] . However, many studies have failed to detect positive selection in the CDRs, and it has been suggested that methods based on the frequency of NS mutations may not be appropriate [24] . All three individuals studied here exhibited neutral selection in the CDRs, even when the analysis was restricted to class-switched (and presumably affinity-matured) sequences. However, a much more complex picture emerged when CDR selection was analysed separately for trunk and canopy mutations. CDR mutations that appear in the trunks of lineage trees displayed a strong signal for positive selection, while mutations in the canopy were negatively selected. These results were consistent across methods to quantify selection, isotypes and individuals. The strengths of positive and negative selection were similar (across individuals and isotypes) in the trunk and canopy, respectively. This may explain why neutral selection is commonly observed when considering all mutations as a group. Unlike the case for FWRs, where negative selection was dominant in virtually all clones, selection in the CDRs was variable among clones. Clones with either positive or negative selection among trunk mutations were identified (figure 4). Similar diversity was found when considering selection among canopy mutations. As expected from the population-level analysis, more clones were positively selected when analysing trunk mutations, while more clones were negatively selected when considering canopy mutations. A high NS frequency in the trunk can be interpreted as a high fixation probability, which has been directly correlated with selection [25] . The interpretation of the same frequency in the canopy is less straightforward as, by definition, sequences with and without the mutations are observed (otherwise, the mutation would be in the trunk). In this case, positive selection may be more evident in the frequency of cells carrying NS mutations. However, the selection analysis presented above assumes that all identical sequences were derived from a single cell, no matter how many times the sequence was observed. This is because the data are derived from PCR amplification of mRNA and it is impossible to tell whether two identical sequences were derived from: (1) PCR amplification from a (1) a minimum coverage of two independent reads to call a sequence to reduce sequencing errors, and (2) using only the set of unique reads to reduce PCR amplification biases. As we estimate selection for each tree twice: once for the trunk and once for the canopy using a representative sequence, the effect of PCR amplification bias is expected to be small. In order to ensure that these results were not an artefact of collapsing duplicate sequences, the same analysis was repeated with all sequences in a clone treated independently, and with random sampling of only one sequence per clone. This type of analysis produced similar results (data not shown) suggesting that, indeed, CDR mutation patterns in the trunk and canopy are shaped by different selection pressures.
(e) Selection strength is dependent upon VH family and conserved across individuals
Selection may be affected by the germline sequence of VH. To check for such an effect, we correlated the selection values for each VH separately between the three donors ( figure 5 ). The correlations are stronger in the trunk relative to the canopy. This similar selection behaviour in different VH segments between unrelated individuals might indicate a similar selection process for clones having similar VH genes. This could be owing to similar antigens that trigger related immune responses demonstrated by similar selection strengths of the corresponding clones.
Discussion
The extent to which affinity maturation shapes the observed pattern of somatic mutations in B-cell repertoires has been debated, as several studies have failed to observe the expected excess of NS mutations in CDRs [26] . In some cases, the effects of selection can be confounded by the intrinsic biases of SHM [7] , and integration of improved background models into methods for quantifying selection is critical. However, another limitation of current approaches based on analysing the frequency of NS mutations may relate to the short time-scale of B-cell affinity maturation. These methods were originally developed for the analysis of fixed mutations (i.e. those that appear in the trunk). However, many somatic mutations in BCR sequences are shared by only a subset of the cells in a clone, and these mutations may not share a strong signature of selection. Indeed, we have previously shown that removing the most recent mutations (based on a lineage analysis) can improve the signal for selection [6] . Here, we leverage recent advances in sequencing technologies [27] to carry out large-scale lineage and selection analysis of the human B-cell repertoire.
To quantify selection, we have used our previously proposed BASELINe method [24] , along with a state-of-the-art SHM targeting and nucleotide substitution model to properly account for the intrinsic biases of the mutation process [7] . In addition, we have developed and used a precise Bayesian estimate to quantify selection and show that its maximumlikelihood approximation converges to our previously proposed BASELINe method (using the Focused statistic) [24] . This provides a precise estimate of the expected distribution of NS mutations in any given region, even for a single sequence. Using these methods, we obtain an estimate of the selection forces affecting the BCR. Interestingly, we find that distinct selection pressures are apparent in the trunk and canopy of B-cell clonal lineages. The trunk mutations are shared by all members of a clone, and thus may be considered fixed. Clear and consistent selection pressures are found for these trunk mutations. In particular, the FWRs show evidence of negative selection, while the CDRs show evidence of positive selection. Trunk mutation patterns are likely devoid of any strongly deleterious mutations and are likely to be enriched for advantageous mutations in the population. Such advantageous mutations are sometimes denoted 'key mutations' [5, 28] . Interesting evidence of such mutations emerges in transgenic mouse systems, where common mutations occur among multiple mice [29] . Such mutations will be rapidly fixed, and seem to induce the main effect of selection in the observed clones. By contrast, mutation patterns in the canopy show overall evidence of negative selection in both FWRs and CDRs. Nevertheless, some individual clones show evidence of positive selection in the CDRs. These may reflect mutations that provide a moderate advantage, or which have occurred recently and thus have not had sufficient time to become fixed in the population. The difference in selection pressures between trunk and canopy may reflect two different underlying mechanisms. First, the difference may reflect distinct time-scales. In this case, the trunk reflects the cumulative history of mutations that have been selected over the course of many immune responses; for example, as would happen from restimulation of memory cells with recurrent infections. An alternative explanation is that each clone is the result of a single germinal centre reaction. In this case, the trunk reflects strongly selected mutations which have become fixed in the population, whereas the canopy reflects weakly selected mutations that are not fixed. This study is unable to distinguish between these two models, and we suspect that they both contribute to the observed mutation patterns. All of the sequencing data analysed in this study were amplified from mRNA. Thus, it is possible that sequences from plasma cells may be over-represented in the data because they contain larger amounts of mRNA and consequently have a high probability of being observed in cDNA samples. Other biases in PCR amplification could also skew the number of times that the same sequence appears in the dataset. In order to ensure that these effects did not impact our results, we repeated the analysis with or without removing redundant sequences, which both led to similar results. When redundant sequences are ignored, the mRNA level of each BCR does not affect its importance in the analysis.
We found a high correlation in the average selection strength in different VH genes among subjects. As negative selection is likely driven mainly by structural constraints, it is easy to see how selection could be VH gene-specific. Conservation of selection strength in the CDRs, especially on the trunk where positive selection is observed, is harder to explain. It seems that different VH germline segments are more (or less) able to optimize their binding affinity. Another possibility is that the correlated selection pressures represent the shared responses to common antigens. Although it is possible that these correlations represent biases in the background model for SHM targeting, this is unlikely as the correlation is much stronger in the trunk than in the canopy. If the correlation was an artefact of errors in the SHM model, no difference would be expected between the two regions.
In most observed evolutionary systems, the mutation rate is too low to observe diversification in real time. The humoral immune response is an exceptional case, where the BCR is subject to a mutation rate estimated to be approximately 10 23 per base-pair per cell division [2] [3] [4] . This process occurs within germinal centre structures in the secondary lymphoid organs where B cells are rapidly dividing (up to four divisions per day), producing an optimal observable micro-evolution system. Our results suggest that a better understanding of selection pressures can be obtained by separating the trunk of the lineage tree (mutations from the germline to the MRCA) and the canopy (mutations from the MRCA to the leaves). While mutations on the trunk show consistent selection pressures among donors and isotypes, the effect of canopy mutations is much more variable and probably represents weak/incremental selection.
Material and methods
(a) Repertoire sequencing data B-cell repertoire sequencing data from blood samples of three healthy human donors was obtained from a previous study [18] . In the original publication, a time-series of samples before and after influenza vaccination were sequenced and IgA, IgG and IgM isotypes were identified based on the constant region of the sequences. In this study, we pooled together data from samples collected at three time-points prior to the vaccination. Raw sequencing reads were filtered in several steps to identify and remove low-quality sequences. Conservative thresholds were applied in all cases to increase the reliability of the resulting mutation calls, at the potential expense of excluding some real mutations. Pre-processing was carried out using the Repertoire Sequencing Toolkit ( pRESTO) [19] , and involved:
-Quality filtering (1) Removal of reads where the primer could not be identified or had a poor alignment score (mismatch rate greater than 0.1). (2) Removal of sequences that did not appear in a single sample at least twice. -Assignment of germline V(D)J segments for each of the Ig sequences: initial V(D)J assignments for each sequence were obtained using IMGT/HighV-QUEST [28] . -Removal of non-functional sequences due to the occurrence of a stop codon or/and a reading frame shift between the V gene and the J gene. -Removal of sequences with more than 30 mutations. -Identification of clonally related sequences: sequences were assigned into clonal groups by first partitioning sequences based on common V gene, J gene and junction region length. Within these larger groups, sequences differing from one another by a weighted distance of less than 5 (within the junction region) were then defined as clones. Distance was measured as the number of point mutations weighted by a symmetric version of the nucleotide substitution probability previously described (50). The five threshold corresponds to up to four transition mutations or one to two transversion mutations [13] .
(b) Lineage tree construction
For each clone, a lineage tree was inferred via maximum parsimony with PHYLIP v. 3.69 [30] as described in [31] . FWRs and CDRs were defined using the IMGT definitions according to their unique numbering scheme [32] . A consensus sequence for each clone was formed by a weighted sampling of each mutated (and non 'N') base from all the sequences in the clone.
(c) Selection estimation
BASELINe [21] was applied to the set of sequences using the focused test [17] . In order to analyse selection in the canopy, all sequences were collapsed to form a representative sequence as previously described [24] . Mutations in codons that had more than one mutation were discarded, as it is usually not possible to infer the order in which the mutations occurred (and thus the micro-sequence context of the mutations is unknown). MBSM, a novel method proposed here (see electronic supplementary material for full derivation) was used on all sequences. For trunk mutations, similar to BASELINe, the MRCA was compared with the inferred Ig germline sequence.
For canopy sequences, all sequences were used and compared with the MRCA.
